ABSTRACT Background: The development of obesity is still a poorly understood process that is dependent on both genetic and environmental factors. Objective: The objective was to examine how physical activity and the proportion of energy as protein in the diet modify the genetic variation of body mass index (BMI), waist circumference, and percentage body fat. Design: Twins from Denmark (756 complete pairs) and Finland (278 complete pairs) aged 18-67 and 21-24 y, respectively, participated. The proportion of energy as protein in the diet was estimated by using food-frequency questionnaires. The participants reported the frequency and intensity of their leisure time physical activity. Waist circumference and BMI were measured. Percentage body fat was assessed in Denmark by using a bioelectrical impedance method. The data were analyzed by using gene-environment interaction models for twin data with the Mx statistical package (Virginia Institute for Psychiatric and Behavioral Genetics, Virginia Commonwealth University, Richmond, VA). Results: High physical activity was associated with lower mean values, and a high proportion of protein in the diet was associated with higher mean BMI, waist circumference, and percentage body fat and a reduction in genetic and environmental variances. Genetic modification by physical activity was statistically significant for BMI (20.18; 95% CI: 20.31, 20.05) and waist circumference (20.14; 95% CI: 20.22, 20.05) in the merged data. A high proportion of protein in the diet reduced genetic and environmental variances in BMI and waist circumference in Danish men but not in women or in Finnish men. Conclusions: Our results suggest that, in physically active individuals, the genetic variation in weight is reduced, which possibly suggests that physical activity is able to modify the action of the genes responsible for predisposition to obesity, whereas the protein content of the diet has no appreciable effect.
INTRODUCTION
The development of obesity is still a poorly understood process that is dependent on both genetic and environmental factors. Previous twin studies have shown that a considerable part of the population level variation in body mass index (BMI; in kg/m 2 ) (1), waist circumference (2) , and body composition (3) is attributable to genetic differences between individuals. It is, however, probable that genetic and environmental factors, including health behaviors such as physical activity and dietary habits, do not act independently but rather interact with each other. The earliest evidence from gene-environment interactions came from epidemiologic studies on populations with the same genetic heritage, but living in different environments. In Pima Indians who live in Mexico and largely follow their traditional lifestyle, the prevalence of obesity is only moderate, whereas it is very high in Pimas living in Arizona following a westernized lifestyle (4) . Early experimental studies also showed that both weight gain (5) and weight loss (6) were more similar within monozygotic (MZ) twin pairs than between the pairs even when energy intake was standardized during the study period.
An advantage in the study of gene-environment interactions was to include both MZ and dizygotic (DZ) twins in the same model, which allowed separation of genetic effects from familial environmental effects. Early efforts in this area, which used regression-based methods, gave some evidence of interaction between physical activity and genetic susceptibility to obesity (7, 8) . These studies could not, however, quantify the environmental modification effect on the genetic susceptibility to obesity. Recent methodologic development has overcome these limitations and made it possible to analyze how genetic variance changes as a function of environmental exposure (9) . Using this method, a recent twin study found that physical activity reduces the genetic variance of BMI and waist circumference among young Finnish adults (10) . Lower genetic variance of BMI was also found among those who had vigorous physical activity than among others in a study of middle-aged men in the Vietnam Era Veteran Twin Panel (11) .
Because the interplay between genes and behavioral factors in obesity is still poorly understood and the existing results need to be replicated, we aimed to examine to what extent physical activity and the proportion of protein in the diet can modify the genetic and environmental variation behind BMI, waist circumference, and percentage body fat in Danish and Finnish adult twin cohorts. We decided to analyze a possible modification effect of protein in addition to physical activity because there is evidence from both dietary intervention studies (12) and crosssectional data (13) that a high-protein diet may prevent weight gain and obesity independently of total energy intake. It is not clear, however, whether some persons are genetically more susceptible to a high-protein diet than others, which may explain heterogeneity in previous studies.
SUBJECTS AND METHODS

Subjects
The GEMINAKAR study originated from the large nationwide, population-based Danish Twin Registry (14) , and the national Danish Scientific-Ethical Committee approved it. The sample consists of 756 complete twin pairs aged 18-67 y (median age: 38.0 y), who, at the time of the examination (August 1997 to November 2000), were free of known diabetes or cardiovascular disease, were not pregnant or currently breastfeeding, did not abuse alcohol or drugs, and did not have conditions making it difficult to participate in the clinical examination, which included a bicycle test. DNA-based microsatellite markers were used to determine the zygosity of the twins.
During the clinical examination, the participants' height, weight, and waist circumference were measured. Body fat assessed by bioelectrical impedance was estimated as described in detail elsewhere (15) . Because of technological problems with the device, measurements of bioelectrical impedance were carried out only on 384 twin pairs. Information about the participants' dietary intake was obtained through an extensive foodfrequency questionnaire based on recall of habitual diet during the past month, and it was initially designed for the Danish European Prospective Investigation into Cancer and Nutrition (EPIC) study (16) and validated against two 7-d weighed diet records (17) . The questionnaire included 247 foods and recipes from which the respondents were asked to indicate frequency of consumption per day, week, or month. Diet composition was calculated by using the FOODCalc program version 1.3 (www. ibt.dk/jesper/foodcalc) (18) . The total protein intake was computed by using the protein content of each food item based on the database and multiplying the protein content by the reported consumption frequency of each food item and summing over all items. Physical activity was inquired about through one question in a questionnaire with 4 response alternatives: 1) almost completely physically passive or light physically active in ,2 h/wk; 2) light physical activity in 2-4 h/wk; 3) light physical activity in .4 h/wk, or more strenuous physical activity in 2-4 h/wk; and 4) more strenuous physical activity in .4 h or regular hard exercise or competitive sports several times per week. Additionally, some examples of each type of physical activity were given in brackets. The responses were transformed to approximate activity metabolic equivalent task (MET) values per week.
The Finnish twin data were derived from the fourth wave of the FinnTwin12 study (19) , and it was approved by the Ethics Committee of the Helsinki University Central Hospital District and by the Institutional Review Board of Indiana University, Bloomington. The original cohort included all twins in the Finnish birth cohorts [1983] [1984] [1985] [1986] [1987] , and the first postal survey was conducted at the age of 11-12 y (participation rate: 92%). The fourth wave was conducted during the years 2006-2008, when the twins were 21-24-y-old (median age: 22.5 y). Zygosity was determined by well-validated items on physical similarity at school age (20) . Together, we had valid information on zygosity for 655 twin individuals, including 278 complete twin pairs. Ongoing confirmatory studies on zygosity from genotyping a panel of highly polymorphic markers have shown that 97% of zygosity assignments are correct. Height, weight, and waist circumference were measured at the study site.
Information on diet was obtained using a food-frequency questionnaire incorporating 50 food and drink items that are common in the Finnish diet. The questionnaire was modified from a previous national food-frequency questionnaire and covered the main food groups (21) . Participants were asked to evaluate how often they had consumed these food items (never, a couple of times a month or less, a couple times a week, once a day, several times a day). In addition to the food-frequency questionnaire, further questions were asked on the type and amount of bread used. The online version of the national computer-based food-composition database Fineli (www.fineli. fi) was used for converting food consumption data to energy and protein intakes. The energy and protein contents for each composite line item were weighted according to the frequency of consumption of single food items. Information on standard portion sizes was obtained from the Finnish standard portion size table. For each individual, total daily energy and protein intakes were calculated by multiplying the protein and energy contents of the specified portion of each food item by the frequency of its daily consumption and summing over all items. Physical activity level was measured by using 3 questions on frequency, intensity, and mean duration of leisure time physical activities and was transformed to MET values per week (22) .
Statistical methods
The data were analyzed by using quantitative genetic modeling of twin data (23) . Whereas MZ twins are genetically identical, DZ twins have, on average, 50% of their genes identical by descent. In addition to additive genetic variation, which is the sum of the effects of all alleles affecting the phenotype, part of the genetic variation is caused by interaction between alleles in the same locus (dominance). Additive and dominance genetic effects have correlations of 1 within MZ pairs and 0.5 and 0.25 within DZ pairs, respectively. Epistatic effects (ie, interactions between alleles in different loci) are modeled as part of dominance genetic effects if the loci are not linked. In the case of close linkage between the loci, they segregate together and subsequently any epistatic effect between them is modeled as part of additive genetic factors. MZ and DZ pairs are assumed to share the same amount of environmental variation relevant to the traits studied. This environmental variance can be either shared by a twin pair (common environment) or unique to each twin individual (unique environment); the latter includes any random measurement error. Based on the above assumptions, 4 sources of variation interpreted as latent and standardized variance components in the structural equation model can be identified: additive genetic (A), genetic dominance (D), common environment (C), and unique environment (E). Different combinations of these components (eg, ACE, ADE, and AE) can be hypothesized to account for the pattern of variation in twin data. Our data include only twins reared together and therefore do not allow modeling of genetic dominance and common environmental effects simultaneously; thus, we tested either ACE or ADE models and their submodels as described below.
We started the genetic modeling by carrying out univariate models for all anthropometric traits to test the assumptions of twin modeling, to test the existence of a sex-specific genetic effect and to find the best model for each trait used in the further gene-environment interaction modeling. The fit of models was tested by comparing chi-square goodness-of-fit statistics and df between nested models; large changes in the chi-square values compared with the change in df (Dchi-square df ) between 2 nested models (eg, ACE compared with AE) indicate that the simpler model does not describe the data as adequately as does the more complex model, and the eliminated parameters are thus important in the model. The assumptions of twin modeling, ie, equal means and variances for MZ and DZ twins, were tested by comparing twin models with saturated models, which do not make these assumptions.
After these preliminary genetic analyses, we conducted analyses of the gene-environment interaction model using leisure-time physical activity and the proportion of protein in the diet as environmental moderator factors. Only linear modification effects were fitted in the models because our data are not large enough to test quadratic or other nonlinear effects. The geneenvironment interaction model is presented in Figure 1 (9) . The moderator factor (eg, physical activity) is denoted as M. This factor can affect the mean trait value (b M ) but can also modify the effects of genetic (b A ) and unique environmental factors (b E ) on the trait. In practice, this means that physical activity can affect both the mean BMI (active persons are leaner than sedentary persons) and variances (active persons may have less genetic and/or environmental variance than do sedentary persons, resulting in differences in heritability by level of physical activity). The mean modification effect also takes into account any correlation between genetic susceptibility to obesity and the level of physical activity. The genetic models were carried out by using the Mx statistical package (24) . The raw data analysis option, which allows inclusion of twins without information on their co-twins, was used.
In both data sets, we found that BMI, waist circumference, and physical activity distributions were skewed; thus, we normalized them using logarithmic transformation for the genetic modeling. Additionally, we adjusted all traits for age by computing regression residuals with age at the time of the measurement as an independent variable in the regression model separately for men and women in both countries. We also standardized the distributions of physical activity and proportion of protein in diet; thus, the results on the modification effects are presented per 1 SD of each moderator.
Analyses were done separately for both centers and sexes. We then used a random-effects meta-analysis model, implemented in Metan in Stata (version 9.2), to obtain pooled estimates of the modification effects (25) . Given the major differences in trait values, ages and assessment methods between the countries, and sex differences in body composition and dietary and exercise patterns, this meta-analytic approach was used instead of data pooling.
RESULTS
The distribution of study characteristics by sex, zygosity, and country is shown in Table 1 . Men had a higher BMI, waist circumference, energy and protein intakes, and physical activity than did women in both countries. Average BMIs and waist circumferences were higher in the Danish than in the Finnish cohort. Because BMI and waist circumference showed a positive association with age in Denmark [regression coefficients: 0.82 (95% CI: 0.67, 0.98) and 2.86 (95% CI: 2.45, 3.27) per 10 y, respectively, adjusted for sex], these differences can be due to higher mean age in the Danish data; in the Finnish data the age effects were not statistically significant, but the age range was very narrow. Total energy consumption was higher and physical activity level was lower in Denmark than in Finland; however, these values may not be fully comparable between the countries because of the different measurement protocols. No systematic differences were seen between MZ and DZ twins in means or variances of the study characteristics. Proportion of energy from protein correlated weakly with proportion of energy from fat (r = 0.122) and alcohol (20.11) and moderately with proportion of energy from carbohydrate (20.398) in the Danish data (P , 0.0001 for all correlations; graphs are presented in a supplemental figure under "Supplemental data" in the online issue).
When we tested the assumptions of twin modeling, we found that the AE model fitted well for BMI and waist circumference in both countries as well as for percentage body fat in Denmark ( Table 2) . For all traits, comparisons with more complex ACE or ADE models showed only marginal differences in chi-square statistics, which suggests that common environmental and dominance genetic effects could be dropped from the model. Thus, we used the AE model in the further analyses. The variance component estimates were statistically significantly different for men and women for BMI, waist circumference, and percentage body fat in Denmark, but not for BMI and waist circumference in Finland. When testing for sex-specific genetic effects, we found that it was not statistically significant for any 1 MZ, monozygotic; DZ, dizygotic; MET, metabolic equivalent task. After the data for MZ and DZ twins were pooled, all mean differences were statistically significant between men and women (P , 0.0001), except for the proportion of energy from protein in Denmark and Finland and between Finland and Denmark in men and women (P , 0.01). P values were calculated with a 2-tailed t test, accounting for the effect of clustering of twin pairs on SEs.
2 Mean 6 SD (all such values). 3 Significantly different from MZ within sex, P = 0.04 (2-tailed t test). We also computed the change in heritability (ie, the proportion of total variance explained by genetic variance) as a function of the change in physical activity (Figure 2 ).For waist circumference and percentage body fat, the heritability decreased when physical activity increased. Thus, in physically active persons, genetic factors explain a lower proportion of the total variance of these traits than in sedentary persons. For BMI, the change in heritability was small even when additive genetic variance decreased when physical activity increased. This is because a similar decrease was found in the specific environmental variance of BMI, which led to only a minor change in heritability.
Finally, we analyzed the modification effects of protein intake. A high proportion of protein in the diet was systematically associated with higher mean values of the obesity traits, although most of these effects on the means were not significant ( Table 4) . In Danish men, we found that a high proportion of protein in the diet reduced genetic and environmental variances of BMI and waist circumference. In women, a high proportion of protein in the diet increased strongly the environmental variance of BMI; however, because of the high heritability of BMI, the absolute size of the environmental variance is low, which may explain this high point estimate. In Finland, the size of the modification effect was lower than in Denmark and generally was not significant.
DISCUSSION
In this study we found that a high level of physical activity was inversely associated with BMI, waist circumference, and percentage body fat. These results agree with previous studies, which have also suggested that physical activity is inversely associated with obesity (26) . However, although there is evidence that physical inactive lifestyle predicts the development of obesity (27) , there are also studies suggesting that physical activity does not predict weight change (28) , and obesity may lead to low physical activity (29) . Because we had only cross-sectional data available, we were not able to analyze the direction of causation.
It has been suggested that a high-protein diet may protect against obesity (12, 13) . However, in this study, we found that a high proportion of protein in diet was associated with a higher rather than a lower mean BMI, waist circumference, and percentage body fat. One possible explanation for this discrepancy is reporting bias. It is well known that obese persons systematically underreport their total energy intake, but to a lesser extent their protein intake (30) . This different reporting bias of different macronutrients may lead to an artificially higher proportion of reported protein intake in obese persons. Additionally, the design of this study is cross-sectional, ie, the causal effects of protein intake on the development of obesity cannot be ascertained.
Reporting of food habits is likely to differ between obese and normal-weight participants also because obese people may have changed their food habits after becoming obese (31) . It is also noteworthy that, whereas many previous studies have compared very high-and low-protein diets, our study analyzes protein content in the normal diet. It is possible that, in the general population, a high-protein diet may be associated with different lifestyle factors that may predispose to obesity. Our main results concerned whether physical activity and the proportion of protein in the diet may modify the genetic and environmental variation of the obesity traits. We found evidence that physical activity reduces both genetic and environmental variances of BMI and waist circumference systematically in both countries and in men and women. The reduction of the specific environmental part of the variation is expected, and it shows that because mean values of the obesity indicators are lower at the higher level of physical activity there is also less variation. A similar decrease in the specific environmental variance of BMI and waist circumference was also found in another cohort of Finnish twins in females but not in males (10) . However, a reduction in the genetic part of the variation indicates that the reduction in variance has been more similar within MZ than within DZ pairs. This is evidence that the expression of genes differs at different levels of physical activity.
Our finding that increasing physical activity is associated with decreased genetic variation supports the results from previous studies. The estimate of the modification effect in our study was very similar to that found for BMI and waist circumference in a study from another Finnish twin cohort (10) . Using models similar to the present study, McCaffery et al (11) reported that vigorous physical activity reduces the heritability of BMI in middle-aged veterans from the Vietnam War era. The present study is the third to report modification of the genetic contribution of BMI by physical activity and showed that the effect is reliably present in both men and women when different anthropometric measures are used. It is also noteworthy that, in the Danish sample, the measure of physical activity was based on one question only, which may have attenuated these associations. It is possible that had we had a less crude measure available for physical activity, the estimated effect size may have been even stronger.
The possible modification effect of physical activity on the action of specific genes affecting metabolic traits supports our quantitative genetic findings. A recent Danish study found that the rs9939609 polymorphism of the FTO gene increases BMI in sedentary persons but not in physically active persons (32) . Similar results have been reported in the Amish population (33) . Interaction effects between physical activity and genetic factors were also detected for metabolic traits other than obesity. Kilpeläinen et al (34) found that physical activity modifies the risk of developing type 2 diabetes associated with genes regulating insulin secretion, and Rankinen et al (35) found that the effect of a hypertension-associated genotype on blood pressure is dependent on physical activity levels.
We found that a high proportion of protein in the diet reduced genetic and environmental variance in Danish men, but no evidence of such was found in Danish women or in Finnish men and women. It is, however, noteworthy that protein data in Denmark were based on a much more detailed assessment than in Finland, which may explain the more modest effect sizes in the Finnish cohort. Note that our participants were not trying to lose weight, but reported their current dietary habits, whereas development of obesity is usually a slow process. Furthermore, effects of protein on satiety and subsequent energy intake have been suggested to differ between obese and normal-weight persons (12) . Thus, the results may have been different if we would have followed persons consuming a high-protein diet and studied their weight change.
Our results have some implications for further efforts to find candidate genes behind obesity. Even though BMI shows high heritability (1), the findings for candidate genes have been difficult to consistently replicate. Genes identified in large genomewide association studies of tens of thousands of individuals, including FTO variants and the variants near MC4R, account for ,1% of the variation in BMI in white populations (36) (37) (38) . One possibility for these difficulties is that the function of genes varies as a function of environmental exposures and thus can be found only in the presence of certain environments. Our results gave some evidence of this because genetic variation was higher in sedentary than in physically active persons. This suggests that the selection of sedentary persons for further studies of genetics of obesity as well as more careful assessment of physical activity would increase power to find candidate genes.
Note that even when we treated physical activity and the proportion of protein in the diet as environmental moderators in the statistical models, they were not pure environmental factors. Previous studies have shown that there is a moderate genetic component both behind dietary intake patterns (39) and physical exercise (40) . The moderation effect of physical activity on the genetic variation of phenotypes was, however, more likely to be because of phenotypic moderation than gene-gene interactions, even when our model cannot exclude this possibility.
Our study had both strengths and limitations. The main strength was that we have large number of twins from Denmark and Finland, which allows quantification of environmental modification effects on genetic variance and a replicate of the analyses in these 2 populations. We have also measured information on BMI and waist circumference, and in Denmark we additionally have measured information on percentage body fat based on bioelectrical impedance. In Denmark, we also had information on nutrition based on a very extensive and wellvalidated questionnaire. Limitations of our study include crosssectional design. This is problematic especially when analyzing the association between behaviors that are possibly modified by the concurrent degree of obesity. Participants in the Danish study were selected in a way that they could conduct a bicycle test. Thus, participants are mainly healthy and probably are in general more physically active than the general Danish population.
In conclusion, our results suggest that high physical activity is associated with a down-regulation of the effect of genes predisposing to obesity. For protein intake, a similar consistent effect was not found. Our results highlight the importance of investigating the role of regular physical activity in the maintenance of healthy weight, especially in persons with a genetic susceptibility to obesity.
